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THE UNDERPRESSURE FIELD FROM EXPLOSIONS IN WATER

AS MODIFIED BY CAVITATION

1. INTRODUCTION

In connection with a current study of the effects of underwater explosion
pressure waves on marine organisms, it was desired tu determine the effect of bulk
cavitation on the pressure field. In particular, since the negative-going,
surface-reflected shock wave has been suggested as an important element in damage
production to some classes of fish, the prediction of these negative pressures was
undertaken. Existing cavitation theory has been used to map the cavitated region
for several geometries of interest. Negative pressure amplitudes beneath the
cavitated region have been calculated using two different approachs in addition to
that suggested by Arons, et al, (Ref 1); the results of the three approaches
are compared with some existing data.

2. CAVITATION THEORY

If cavitation is not considered, the amplitude of the surface reflected
shock wave is usually calculated by assuming a negative-going image source of
strength equal to the actual source. Since the occurence of cavitation markedly
reduces the strength of the reflected wave, non-cavitation predictions are unrealistic.

The history of cavitation theory shows no lack of effort, especially since
World 4ar II. References 1 through 8 are only a few of the papers existing which
cover aspects of cavitation theories. In actuality, the groundwork for all these
theories was laid by Kennard in two papers in 1943 2,. While there have been
refinements and additions to this work (especially as concerns the dynamics of the
cavitated region after initial formation, which is of little interest for the
applre'-tion of this report), the basic assumptions bearing on the formation of the
cavitaeed regh)n have remained unchanged (as well as untested by experiment).
The development presented below follows that of Arons, et al 1. This t'eatment was

chosen for its conceptual and computational simplicity.

Reference 1 makes three basic assumptions:

(a) "Cavitation begins when the pressure in the water drops to a fixed value,
Pc, the cavitation pressure. We will take Pc = 0 psi."

(b) "The pressure at a point on the front of he reflected wave can be
described as emanating from an image charge above tlhe surface, having i variable
apFareat weight, Wi, so adjusted as to account for th pressure dirr..tion due to
cavitation."

(c) "Wi is a continuous non-increasing function of distance along a ray away
from the impge charge, being equal to the true charge weight, W, before any
cavitation takes place, decreqsing monotonically in regions of cavitation, and
remairpng constant in regions of no cavitation."

1
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The total pressure in the water, before cavitation has occurred, is given by
the sum of the direct, surface-reflected, and hydrostatic pressures. Assuming for
calculational convenience that the shock wave is an instantaneous rise to a peak
presbure, fcll,,ud by An exponential decay of time constant 0, the pressure at a
point in the water at the time of arrival of the surface reflection is:

P e - t / 0 + P +P, (1)O r z

where P is the shock wave peak pressure, t is the time delay between the direct0

and surface-reflected arrivals, P is the surface-reflected peak pressure, and Pr z

is the hya ,ostatic pressure. Actually the relationship for pressure as a function
of time in the shock wave is only good until the time is about one 0; at later
times the press.1re may be well above the calculated value. For calculating
pressures in the "mmediate vicinity of the cavitation region it is probably quite
adequate. Accordin6 to assumption (a) we have:

P e - t / e + P + P =0 (2)O r z

The coordinate system to be used in the following calculation is shown in Figure 1.

Assuming that the shock wave peak pressure may be calculated from a
similitude equation of the form:

wl/3 1.13
P =K (--1 (3)

we have 3 1.13

P K and

.1/3 1.13

P K (W )  , (5)
r R2

where K is an empirical constant depending on the explosive composition, R, is the
slant range from charge to gage, and R2 is the slant range from image to gage. In

addition, the hydrostatic pressure, P , may be assumed given by:

Pz = Pa + H (R1 cos a - d), (6)

where P is the atmospheric pressure, d is the charge depth, H is a constant, and
a

a is the angle between the line from image to gage and a vertical line through
image and charge.

2
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FIG. 1 COORDINATE SYSTEM FOR CAVITATION CALCULATION

3



NOLTR 72-103

Combining equations 2, h, 5, and 6, we have:

Wl/3 1.13 -t/e 
wil/3 1.13

e -K +(-) + H oos - d) 0 (7)
R1 12 +P R o

Solving for the variable image weight, 3.00

Wa = + H R cos a - d) + K ( ) 1.13 (8)

The arrival difference, t, is given by:

RI - R2
t 2 (9)C

where C is the velocity of sound in water. The cavitation region Inay now be
mapped using assumptions (b) and (c). At a fixed a, allowing R2 to vary, the

upper surface of the cavitated region is found by setting:

W. = W (10)

1
The bottom of the cavitated region is found when

dW. (1

dR. 0

1

Following rays from the image charge of different angles a, the entire cavitation
zone may be mapped out. To calculate the negative underpressure at points below

the cavitated region using the approach suggested by Arons, et al, the image weight
corresponding to equa'ic.n 11 is used, and spherical spreading is utilized to
extrapolate from the underpressure at the bottom of the cavitated zone to the
desired point in the watei-.

One modified approach, Gaspin-Price plane wave, assumes that the amplitude of
the negative wave is determined ht the bottom of the cavitation zone in the manner
outlined above. The wave then continues to propagate radially from the image
source but as a plane wave with its origin thu bottom surface of the cavitated
region. It is obvicus that this is not completely realistic, but it seems to be
closer to reality than assuming a point source with spherical spreading.
Specifically, it should be better at positions beneath the central portion of the
cavitated region (such as f in Figure 2(a)). The assumption of plane wave
prcpagation probably becomes less valid when the radial line from the image source
passes through the extremities of the cavitation region (as at g in Figure 2(a)).

The duration of thie negative phase is determined by the tine that the
cavitation remains open, i.e., until cavitation closure occurs along the ray
connecting the image to .he gage.
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There are undoubtedly limits to the regions below, and just out-from-under,
the cavitation zone in which the modified approach may be used. The limitations
have to be set by appropriate analytical and experimental methods.

Another approach, the hydrostatic origin approximation, assumes that the
calculated negative pressure at the bottom of the cavitation region directly aoove
the point of interest (a gage for example) is propagated downward as a plane wave.
Essentially the pressure due to water and atmosphere above the cavitation region
is removed from the uater column below the cavitation. The pressure is removed
until the loading pressures and cavitation closure restore conditions to a more
nearly normal state. The long duration and even pressure in the early parts of
the negative phase are thus explained.

This approximation must break down at great depths and at positions
horizontally beyond the cavitated region.

3. MODIFICATION OF THE SURFACE REFLECTED WAVE FORM BY CAVITATION

Figure 2 illustrates the manner in which the wave form of the surface
reflected shock wave is modified by cavitation. The five pressure-time curves are
lettered to correspond to the fi-e successively deeper points indicated in the
sketch. At point "a", the su'face reflection does not lower the pressure as far
as absolute zero, and no cavitation occurs. At this point, the surface reflected
pressures may be reasonably calculated assuming an image source of equal strength
to the actual source, and a negative exponential wave form. At point "b", on the
upper edge of the cavitated zone, the reflected pressure is just sufficient to
lower the total pressure to absolute zero and cavitation occurs. After the
pressure reaches zero, it stays relatively stable at that level and eventually
merges intc succeeding events (closure ). At points "c" and "d", within and
on the lover boundary of the region, the reflected wave form shows a sharp
negative spike below absolute zero. This net tension results from the finite time
necessary for the water to cavitate. On many recordings, this spike is not
apparent due to inadequate frequency response. Following this spike, the pressure
returns to a more or less stable "plateau" pressure of absolute zero. As the
wave propagates to point "e". the wave form retains the general features which
characterized "c" and "d", but the reflected pressure is no longer adequate to
produce cavitation.

The underpressure at points b, c, and d may easily be calculated. The total I
pressure at these points reaches absolute zero, so the underpressure, is Just
equal to the hydrostatic pressure at these depths. At point "e", the pressure
may be calculated either using the image weight obtaining at point "d", and
allowing for diminution of the underpressure due to spherical spreading between
points "d" and "e", or by calculating the underpressure at "d" and assuming
that this underpressure propagates as in plane wave to "e." We have not found
data to check conditions at a point sucl, as "e" which is not under the cavitated
region.

4. RESULTS

Computer programs have been written to calculate the negative pressure below
the cavitated region and the botudary of the region; they are listed in the
appendices. They are ,rrtten in BASIC and have been run on the CDC 6400 computer.

6
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The cavitated region has been mapped for several conditions of interest, as
sno-n in Fligres 3 through 6. As mentioned above, this calculation is essentially
unchecked by exueriment. The experiment described in reference 6 roughly
confir=ed the calculation of the upper boundary of the cavitated region, but to
the authors knowledge, the calculation of the lower boundary has never been
experi=entally verified. No data is presently available to make a direct
verification.

,Data is available, however, to compare with calculations of the magnitude of
the underwressure below the cavitated region. Computer programs were written to
-eke this calculation, and several samples of available data were analyzed to
determine the negative "plateau" underpressure. These measurements are of a
rather crude nature, since the instrumentation was set up to record the much
ligher am-litude of the direct shock wave, and the negative pressures are a small

fraction of the full scale reading. They do, however, give some indication that
the calculations of underpressures are valid, particularly if plane wave
propagation is assumed, and thus provide an indirect verification of the
calculation of the lower cavitation boundary. Table I and Figures 7 through 10
present this comparison. Also indicated in Table I are the corresponding under-
pressure as calculated by assuming an image source of strength equal to the
actual charge (no provision being made for cavitation). It is clear that the
cavitation calculations give a much more accurate representation of the measured
pressures. Sir-e data from charges of 0.49 and 4 x 104 pounds are reasonably well
predicted, ti present calculation is considered adequate for purposes of
ex perimental design. A more extensive comparison would be desirable, however.
7"he fact that these pressures are reasonably well modeled, and that the position
of the lower boundary influences these pressures, indicates, albeit indirectly,
that thre probably is some validity to the lower boundary calculation.

5. CONCLUSION

Existing bulk cavitation 'heory may be used to predict the extent of the
cavitated region -aused by underwater explosions and also the negative p 7essure
ammlitudes below tne cavitated region. While the calculation of the extent of the
region is largely untested by experiment, preliminary comparisons with data
indicate that these calculations of the underpressure amplitudes are a considerable
improvement over calculations made without considering cavitation.

7
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APPENDIX A

COMPUTER PROGRAMS FOR CALCULATTNG. BOUNDARY OF CAVITATED REGION

O010O REM READ K,1 ALPHA FIR PRESSURE
00110 RWAD KzAP
00120 R'M READ "<, ALP.HA FlR THETA
00130 RFAD A3,A,
00140 RFM ARONS METR3D F.R CAVITATION
00150 REM W=CHG WT, LBS.
00160 REM D=CHG DEPTH, FT.
00170 RFM RS=HIRIZONTAL RA'JGE INCRE.MF.T
00180 REM R9=MAX HORIZ.,1NTAL RANGE
00190 RG. AD W , D, R8, R9
00200 LFT Pl=1.7
00210 LET H=. a5
00220 LET C=5000
00230 PRINT"WW, "DEo.PTH="D
00240 PRINT
00250 RE4 PRIVTOUT IS HOR. kANJGF AND DEPTH OF CAV START AND STOP
00260 REM AL3NG A RAY FRIM IMACE, ANID MIN. IF IMAGE WEI GHT
00270 PRINT"R START","Z START".,"R ST3P","Z ST3P", "I4AGE WT"
00280 PRI.V T
00290 W2=Wt(A2/3)
00300 HI=-RS
00310 1=0
00320 HI=HI+R8 bs a le
00330 A=AN CH 1/D)
00340 IF HI>F9 THENI 01070
00350 LET RI=D/C3SCA)
00360 REA FIND W(IMA0F)=W
00370 LFT 1=1+1
003130 G3S11R 00680
00390 RFEMX=WC(IAGF)
00400 LFT F=X-W?
0041O IF ARS(F)<IF-6 THEN O00480
004?0 IF I>50 TFN O0460
00430 GSSIIR 007B0
0O40 LFT R1=RI-(F/Xl)
00450 03 T1 00370
00h60 PRI'NT"\J- C3\JVFRGF\JCE '3% CAV START"
00470 G3 TO 01070
00430 LFT O1=RI*C,3S(A)-D
00490 LET C2=RI*SIN(P)
00500 RFM FIND MIN IF WCIviAGE)
00510 LET 1=0
00520 LFT I=I+l
00530 GSII 00780
00540 IF ABSCXI)<IF-6 THIEN 00610
00550 IF 1>90 TH..J 00590
00560 G1SI'P 00860 /1

A-1



NOLTR T2-103

APPENDIX A (continued)

00570 LET N1=R-(XI/X2)
00580 GO~ To 0 052P0
00590 PRINT"NJO Ca'JV 3N) CAV STI P"
00600 GO3 TCO 61070
00610 LET 03=Rl*CSSCA)-D
00620 LET 04=R1*SINCA)
00630 05Xt (3YAP-)
00640 PRINT 02p, .4, 03,05
00650 PRP1JT
00660 G19 TO 00310
00670 R Pt CALCULATE WI'4AGF)
00680 LET RP=F9 A( RI)
00690 LET 8=FNPRP-2)
00700 LET T=CR-R2)/C
00710 LET G1=-TIP
00720 LFT CG2=X PC (1)
00730 -3=V2*K*W2/(R2tA?)
00740 LFT P4=H*(Rl*C.3SCA)-D)
00750 Xz(RltA2)*( P1+4G3)/K<
00760 PFETt RI
00770 REFt CALCULATE DERIV OF W(IMAGE)...XI
00760 G'9SOR 00680
00790 LET D=FVCC RI)
00800 LET DP=F'JDC RI)
00810 L 1(CCR2/8)*Dl)+A2*D2
00820 LET LP=LI*C,'3/R2
00830 X1=C( RI tA2)/ <)*('H44CSCA)-L2)+(A2*X/R1)
00840 RETIIR\J
00850 RF~t C'ALC'ILATE2JD. PDE1V IF W([4A(3E)... XP
00360 I)4=E'WF(Rl)
00870 LET D3=-D4/C
00860 St=-CR1,A2)*W2*G?/(FR2tC1+A2))
00890 w2=CR*D3/R)+C CD1*D2)/B)+A2* Di
00900 M13 =( F2*D1,F3)+A?*P.2
00910 '44=(( R2*DI/P)+('CA2+ I)*D2) )/R2
00920 'l5=A2*Rlt CA2- )(*CS(-C3R*"3I
00930 LET M6=CR1l*Xl-X)/CRlt2)
0094~0 W16 =M'6*A?
00950 L.FT X2=St1*N12-(t3*A4) )+w15+'16
00960 R1 TIIR%4
00970 RE1 "NI A=R2
00980 DEE EVlA( R1) =SQRC R It 2+ 4* P? 2- 4* D* R I*C-3SC A))
00990 REM F\JFP=Tl-iFT A
01000 DEE F PC )A 3* 1E- 3* '%2* CW2/ R)tA 4
01010 RFM F\JS C, PE ARE INTFRMEDIATF CALCS
01020 DEE F JC C R I) I- CC R I- PD* ClS( A)) / R2))/ C
01030 UFE E\J DC R I) CR P* D* ClS (A) )/ R?
01040 DEE F\ F * - -k1 *D r ))*D)R2
01050 DATA 208 00s i - 13,.06, -% 18
0106'0 DATA 4COCO, ?C0 50y 1 100
01070 E\JVD
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APPEDX B

tCuuhIPM( HRA*4 FOlt CAILMMUC '.'D]M PRSUR BELOW CAVITATE) REIOIJ

6010C, FrX CASPIVJPIC' PLA4',I AVF ?i,-.5P(3ATI3N

coil i s' AL~IIC7 PA~YS FP!3' IM4A(F S31P.CF.
00120 REM! IFAV K(, ALP-IA FlF PqFSStIPF
00130 F'4 *IIS 0'AVSUNTS T"J !Plolll PPE~fSIIRF IN. PSI-
001.40 p~fA) xv P2
C0150 PF;4 IW'V. X, ALFH-A FIR THFTA
CGIAO MMI 11 CI'JSTANTS -3 IPTA1"J TI"4F C3-45TANT INJ MILLI cFlC'3.NFDS.
00170 FAI A3 4
00190 REF'16PM CALCILATFS 1fDFRPRFSStlRF Flf-, GAGF LICrPTlI'j

00 19 0 PF'i "l-1V CAVITATED Zl-VF
00200 REM4 A-VJS AETHI1D FIR CAVITATUIhJ

002?0 i:,-0,P=- DFPT4hsFT.
00230 PFvt' HP=PFFIfPF') C-AG'r HflRZ R-A'SF

002AC PF4l 09=f)FSIREI) GAC-E DPFTHPFT*

0-0250 PFAfP "'!)

COPAO PRI V' '%-oi "DFPTH= I'D
030270 PFAr. i42P P9
0980 LFT P1=14.7

0029 0 LFT 4. A5 geroduce~d l
00300 LFT C=5000 -J. ble~ cOPy-

00310 F!, I NT
C03PO '1; ' VtCAPI 3)
00330 AAT CHPY !/(DP9))
003t0. L;:l ~=/~S
0350 1=0

00-160 LF7 1=1+1
00370 ~~SI~003S0
0033C LFT F=X-W2
0'019 0 IF AhAS(F)<lF-6 T;4F'l 0OA30

00/hr,0 IF 1>50 THFN 00440
O041C (VIST1 0094()
GO 1520 1-=T I<I=P-CF/XI)
101,30 C-1 TA 003A0

004A0 PL<IN'T"\q c r4VVEHCF\JCE IN' CAV START"

00/550 G TI 09000
00460V PPI\JT "r-Af-F ARVIF CPVITATFi) RFrI'J Gi

0 0A70 0 " T-1 005 00
00 l3g0 LET 0R*3()
C049 C IF P,9<('-, TtNF\ 00460
009 00 1-FT ?P*I'A
609 10 LFT 1=0
00590P LET 1=1+1

00930 0-ISIIR 00940
005410 1IF AP SC XI) < I- 6 THCE'J 006 30
00550 IF 1>50 TLWF\J 00590
00S (_0 Si~lc noo
00S70 LFT 1R'1kt-CX1X?)

C00ij C1 Ti 005?0

B-1
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APPENDIX B '(contiued)

00590 FR!IMT-'J3 C'JV 1,14 CAV) STt3P--
00600 G3 Til 09000
00610 PRI'JT *"GAGF 11 I>JR ARIVF GAVITATFPI) 'JW~
C0620 G-1 Tl 006 50
006310 LET 3f1C()-
000;40 IF fl9-3 T4F\ 00610
00650 LFT 0h/=R1*.SIN4cA)
(I0660 C5= t13/ A2)
00670 PRkINJT II1'4AGF C*4AF !wI r-HTIIC,5
004,80 RFM4 CALCULATF \0~Si~
00A90 F3k 1
00700 YI=*.<*(/( RItA2)
00710 147 D- Q3
00720 R4= C4 Io
00730 T= CFI- P4)/C R~ep(ou~l cpy.
00740 M8=-T/F.%1R(Ph) best avia
00750 .M9= XHC'13)
0076s0 I19 c< *!- P/ C Rt AP)
00770 P9=P-Y1
007S30 CALCIILP.TF 11'V!)7lt.FS.SM:F VIIT41I'T GAWITPIT1 1'
00790 Y?=<*lP2/Ci-3tP?)

003,10 FlI\1I"P C-ArF=",1'9,l (-WF=I tmP \F("P,'hFN

001330 tPFI 'iT
00,440 Gl T) 002 70
00,350 LFT PEJC1
001360 LET ~E3C?
00370 LET T\'1-r2
0 083 0 LFT r0:-lP
00890 L-E T CP =VXF%,'(')
00900 02<2C~?2
00910 LPT (4*H~1~)
00920 X=CR<tA?) ic%'+04eP-3)/<.
00930 RF T II R\
00940 v3,, r 0S50

0096,0 LE.T4,:\C

00970 L I= C 2/14 )fl+ A? ic!
009,30 LET L?=L 1*f3/I'?
00990 1C 1A2/*CC'SPL2AsX )
01000 i-FET P rN
01010 F),4=F\J F C e)
01020 1--T fl3=-P,/C
01030 C l-P?~*~0/Pt1A)
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APPENDIX B (continued)

0 10-3 0LFT 1E6=Ui1*X1-X)/%'FtP)
01090 ~ 6A
01100 !,FT

* 01110 RFT1'-N'
0 1.120 [P;F F CR1 t:(P1'+4 f2 jcEkF1-kC CA

01130 DF FF FW\'C f-) =A 3 l F- 13M 2 * VP A ~4

01160 1)FF F%4( C? ) C'2 I-?- I - k, Gl5%,) ).DP)/P2t P

0 1170 1 P (' 00. 1 *T0P* 07: ?P,

01190 RF *1 4fl C'-AkrF V1 P'IHT, ~-0 C PFT1I.
0 12P00 D A TA A 00 00 , 2 00

C.I P20I DATA 407.,P2O
09000 9 " )

EXAMPLE OF OUTPUT:

U' ~ Ip -j C?0 -A 0 = 407 F- VIA~932~\~~ C(AV= 1363.31

rqfl IF '?AT9 AT P70
J4.rh.P3.l;P0-Slr i'U~j'~T

OH'r A DY .
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